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.ABSTRACT , . 
_.,:. 
An exam·ination of.the· characteristics of superplastic alloy _ 
_ systems led to the conclusio;n that the tin~inc eutectic composition 
should be s-upe_rplastic, To:. prove this hypothesis, the system was 
:stticl.ie-d. usi~g controlled tensile tests and was verified to be S1:J.per~ ) 
plastic as preqicted. A strain rate sensitivity index of o.4 to 0.5 
was experimentally determined, and elongations as large as 570 percent 
were observed. 
"" 
Further studies showed that an equation developed by A. G. Krausz 
c_puld be used to model the superplastic l;>ehavior of this alloy. The 
Krausz equation was used to analyze the data from the tin-zinc eutectic 
alloy to yield an activation energy for deformation. The activation 
en.ergy was also calculated by using the more traditional approach of 
the Arrhenius equation. Reason,e.bly ·good correlation exists between 
the value obtained in this analysis, 11.2 kcal./mole, and the value 
recorded in the liter·ature of 9.5 kcal./mole for the grain boundary 
diffusion of tin and 14.o kcal. /mole for the gr~in boundary diffusion 
of zinc. The agreement between the a.cti vation energy f'or grain 
boundary diffusion and the activation energy for superplastic de;f'orma-
tien suggests that the superplastic deformation mechanism is grain 
boundary sliding with grain boundary diffusion as the rate controlling 
accommodation mechanism. 
J 
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I • INTRODUCTION 
~: 
A.· · · Properties of Superplastic Materials -
' . Superplasticity is ~he phenomenon whereby specimens , deformed 
in tension at low stress, exhibit essentially neck-tJ;ee elongati·on 
-· 
of hundreds of percent. This property is not ordinarily associated 
with metals •. Typically, metals are considered quite plastic if they 
are able to exceed a 50% elongation, tmder tension, .at any temperature 
·or strain rate. While metal~ can be rolled, squeezed, extruded, and 
otherwise deformed in com:pressio·n ·to.nigher amounts, metals cannot 
normally be deformed in tension.by more than 100% regardless of 
temperature or strain rate.1 In limited instances, however, super-
plasticity is observed in metad:s .and""in recent years has been the sub-
ject of much research. Since the deformation behavior of a super-
plastic metal is more like that of a glass or plastic, forming 
·techniques previously applicable only to glasses and plastics can be 
,, used in forming metals to great economic advantage. It is for this 
·' 
reason that the search for new superplastic alloys, the .. subject of 
this thesis, has been and .is of continuing interest to metallurgists. 
One of the early reported observations of superplastici ty 
was in 1934, by Pearson, in bismuth~tin and lead-tin. 2 However, until 
recently, the discovery was largely ignored. With increased under-
standing of the phenomenon, alloys of more comm.erci:al. interest, such 
as steel, titanium, and a1,1minum, have been found to be ·superplastic. 
The following are observed characteristics common·· to alloys exhibiting 
. 3 
superplastic behavior which have been given in a paper by Packer: 
2 
.. _ 
. ' _____ ...... 
. • 
",J 
-··-
' ' '1 • 
Q 
... 
'.' . ' .. -. ' ., - . ~ ' ' ·• .. ' . 
1. A; superplastic aJ loy mus·t have a gr~n size of the order 
· of, a few microns which is stable during deformation. 
2. _ Superplastic ·behavior o.ccurs at temper~tures .. _ greater 
than one-half the melting point. 
3. .An optimum range of strain rates exists for maximum 
superplastic behavior. "' 
a 
4. A superplastic alloy usually has a si~larity in the 
melting point of the major phases present. 
Ot these observations, the .most important characteristic which will 
determine if an alloy exhibits superplastic behavior is the ability 
to undergo deformation witnout an increase in grain size. 1 
t 4,5 y. 
There have been at least two review articles on superplastici-
In the more _recent reV3:,ew, ( 1970) , Davies et al. listed the 
alloys/known to be superplastic. They also note that the requirement 
l 
to carry out the deformation process without an increase in grain 
size has been obtained in two WfI3S. First, a material m~ 'maintain 
a small stable grain size as a matter of characteristic. Such 
materials o:f'ten consist of two or more phases in equilibrium, for 
e.1ta.Jl!Ple, eutectoid or eutectic compositions. 6 Examples of materials 
_1·:;. 
. . 
wl1ich have been found to be superplastic and maintain characteristically 
small grain size include 
the tin-lead eutectic. 8 
-
.. 
the zinc-al11minum eutectoid composition7 and 
A second method of carrying out the 
deformation process without an increase in grain size is to impose 
spec'ial testing conditions while the deformation occurs - For example, 
grain size m~ be kept small by. oscillation of -th~ temperat.ure about a 
phase transition temperature during deformation. Superplastic materials 
:e 
. . 
3 
!' ·.·,,. 
. . . 
,.IJ,;, 
,/'. •', ·; .. -. -.... ::.·~ .. · ... ~":_·; -.. >; .. • .--
···;·.:• :,"'·····:< .:-:, ',;.,·, .. •, 
,· 
in this classification include" various types of steels. 9 
In superplastic materials, the applied stress for plastic 
, deformation is markedly dependent on strain rate. '!he theory behind 
the tensile test measurement of this strain rate sensitivity is 
10 described in an article by Hart. The dependence on strain rate is 
usually expressed in the phenomenologic~l equation used by Backofen 
et al. 11 · 
·,4 
" (T, E ) = k Em 
t1 is the applied stress as a function of· 
temperature, T, and strain, E • 
I 
E is the strain rate. 
;-; ''.u 
~ ,ij,-.:,' 
k. :is a constant for a given set o,,r testing 
conditions. 
.m· is" the strain rate sensitivity index. 
In practice, superplastic materials show increased resistance 
to necking and high elongations for strain rate sensitivity index_ 
values, m, greater than about 0. 3. 10 ,ll The phenomenological basis of 
necking resistance is a strong dependence of flow stress, t1, on strain 
• 
rate, E. When strain ra~e sensitivity is high, the more rapidly strain-· 
irtg material in an i~cipient neck is strengthened so that deformation 
tends to spread out into the less rapidly straining a~oining materia1.10 
The experimental correlation found between the initial .strain rate · 
sensi'tivity index and the maximum percent elongation is graphically 
4 
-'r. 
p 
r· 
' .. 
., 
..:. 
" 
represented by Woodford12 and Chaudhari and rev:L. 13 · (See ·Figure 1) -. 
The procedure used by Ba~kofen et a1~ 7 to determine the strain 
rate sensi tivit~ index, m, is to suddenly increase the crosshea.d 
·speed on a tensile test machine. A higher strain rate requires a 
, 
higher stress for plastic'" deformation to occur. '!he stress at the 
. ' 
lower strain ra~e is extrapolated to an equal strain as that which had 
occurred _:during the higher strain rate. ~ mathematical. manipulation -
of equation 1, it ma.Y be found that the· strain rate sensitivity index, 
m; is equal to: 
-~ 
m= 
d(log O') 
d(log i) 
Thus, the strain rate sensitivity index m~ be obtained from the 
difference ·in the logarithm of the stresses divided by the difference 
i~ the logarithm of the strain rates. In using this method, the 
advantage of averaging crosshead speed increment and decrement tests 
r 
· 14 
are discussed by Nuttall. 
B. Mechanisms for Superplasticity 
Several mechanisms for superplastic deformation have been 
proposed. The first were based on vacancy creep. For example, Avery 
11 
and Backofen have proposed the mechanism to be based on diffusional 
creep by vacancy 
(Nabarro-Herring 
diffusion). 17 ,lB 
interchange either 
d . f.P...,,.. • ) 15 , 16 1 .J. w,1 on or 
through the b11J k of the material 
along grain boundaries ( Coble 
There is some evidence that mass transfer does 
occur in some alloys , 19 however, Alden has shown that the ~alcUlated 
20 values of strain rate are much lower than those observed. Mechanisms 
5 
' ' 
•. 
" 
. ' 
· based on dislocation climb have also been ··proposed. However,. onc·e 
, 
again, the theoretically predicted strain ·rates are much lower than 
the observed strain rates as has been shown· by Chaudhari. 6 
Thus far~ the most adequate models for _superplasticiity have· 
been those which consider grain boundary sliding as the deformation 
machanism21 in cQlJlbination with some accommodation mechanism-to 
h . tab·1·t "'- '~ b d . 22 ,23 ac 1eve com.pa 1 1 y alJ grain . oun aries. 'lhus , the flow of 
material occurs through relative motion between grains. As grains 
are· irregular and interlock with one another, only a limited amount 
of flow can occur without an additional mechanism that allows the 
grains to deform at the grain boundaries. 
Experimentally, large amounts of grain boundary sliding have 
been observed and direct· evidence exists for the fact that- diffusion 
occurs in the grain boundaries during s uperplas tic deformation •19 
For example, Morrison has· shown that alloying elements which enhance 
diffusion also enhance superplastic behavior. 25 A finding in favor ,, 
of the grain boundary sliding mechanism was made by Krausz who de-
veloped from theory an equation which describes superplastic ~avior 
in terms of the grain boundal',Y sliding mechanism. 26 ,27 ,28 ,29 The 
• 
' theoretical equation is given by: 
- -(E 
- VftT) • kT Lf Qf exp f E - ap 
-m h kT ., 
-
-(~ + V u) 
- ~ ~ exp .b kT 
•. 
r 
·6·: ,. 
. 0 . 
, h -'. ·,,:-.,,,:~-:- -... : .. , :>·7 ·:, ,t ' , ' ':'. •; 
(3·:) 
) .• 
, .. & ••• ••••••• 
• 
:··-··· . 
c' 
' .. 
,,. 
.,. 
·.,, 
\. ' 
• 
where: 
·:1,. . 
, . 
a • a geometrical factor. 1S 
• the mobile dislocation density •. pm. 1S 
k • the Boltzmann constant. 1S 
·h .is the Planck constant. 
-
.L is the average contribution of each dis.location 
to the plastic deformation. 
is a partition function ratio defined by the 
crystal structure and by the conditions of the 
particular deformation process •. 
El is the activition energy. 
V is the activation volume. 
u is the shear stress. 
f is used as a subscript to denote that the quantity 
is associated with the forward movement of dislocations. 
<, 
b; is a subscript used to denote that the quantity is 
associated with the backward movement of dislocations. 
T is the temperature. 
For 1experimental use. equation (3) is simplified to: 
where: 
- ~ exp 
-n '1 b 
T 
Af, ~, nf, and nb ma_v be consiq.ered material parameters. 
7-
,• 
.. 
lj 
This equation gives· a contin·uous function fo.r the sUl)erplas.tic 'be-
havior of' a mat·erial. Equation· (4) ma.v be used to arrive ·at a" 
relat.ionship to strain rate sensitivity, m. 
-l 
• 
T E m= 
(5:) 
,, . 
nf Af· nf O' + 
... 
~ -~(I. exp nb . exp· T T 
These equations )1ave· been used to accurately. describe the superpl~tic 
behavior of titanium alloys. 27 Since the equation facilitates the 
prediction of the high strain rate sensitivity region, this develop-
ment may be used to optimize superplastic conditions in manufacturing 
technology. 
Accepting the hypothesis that grain boundary sliding is the . 
' 
:Pasis for the superplastic phenomenon, an additional mechanism is 
necessary to allow for continued deformation since sliding grains will 
eventually pin and thus stop sliding. This accommodation mechanism 
has been aonsidered by Ha.vden et al. 30 and by Ashby et al. 22 It has 
been shown that the accommodation mechanism is the rate controlling 
process for grain boundary sliding. Ha¥den et al. have determined 
separate accommodation mechanisms for various ranges of temperature 
and stress. Ashby et al. have determined that various accommodation 
mechanisms occur at different strain rates. ( See Figure 8) 'lhe 
accommodation mechanism is usually studied by considering that 
pl~tic deformation is thermally activated and m~ be categorized by 
an activation energy. Through measurement of the activation energy, 
and comparing this with the activation energies known for various 
8 
( 
l 
.. 
diffusional process:es, a probable accommodation mechanism is 
determined. 
c. Objectives, 
The eutectic tin-zinc alloy has the observed characteristics 
necessary fo'r superplastic behavior as listed previously, but was 
not among the .list of alloys constructed by Davies et al. in 1970. 
Furthermore, there were no references to superplasticity in this 
system in information avail.ab.le from ~he Defense Documentation Center 
and the NASA Scientific and Technical Information Facility. A. 
literature search through the Western Electric Engineering Research 
Center Library also found no references on the superplasticity of the 
tin-zinc eutectic. 'Ihus, there seems to be. no verification that 
tin-zinc is superplastic. 
The first objective was to determine if, in fact, the tin-zinc 
eutectic a.lloy was. superplastic, and the degree of superplasticity. 
Experiments were performed to measure the percent elongation to 
fracture directly, and indirectly. '!he strain rate sensitivity index 
has been shown to be a reliable indirect determination of the degr.ee 
of superplasticity. Measurements .of the strain rate sensitivity index 
were made as a function of temperature and .strain rate. 
'!he second objective was to determine whether Kr~usz's 
equation describes this alloy accurately. Krausz's equation is a 
new and useful tool for predicting optimal superplastic strain rate 
conditions, and since Krausz' s equation is a recent development, few· 
alloy systems have actually been verified to be described' by the 
equation. ( Experiments were performed to determine if this expression 
9 
, ' 
' 
r .,..,,,. 
fits this· system and to determine the material parameters in Krausz' s 
equation for the _tin.-zinc alloy. The ability of this equation to 
describe a new alloy would yiel·d additional evidence for the gr~in 
boundary sliding mechanism and the usef11J ness of Krausz' s e.quation. 
' ' '· 
. ' 
The third objective was to determine the accommodation 
mechanism through the .investigation of the acti v~tion energy for. the 
proces ..s. Comparison of the activation energy for deformation with 
activation energies for·various diffusion ·processes in tin and zinc 
-would enable determination of the accommodation mechanism. 
During investigation of this superplastic alloy·, any 
·conmerci ally exploitable qualities were certainly of interest ~-
However, the main purpose of the study was to explore the current 
;1J 
.'I) . ···-· 
theories of superplasticity and· to develop a better understanding 
of the phenomenon with regard ·to a new superplastic alloy. 
-· 
. , 
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1,I' II·. EXPERIMENTAL DETAILS 
A.· . Material. · 
The tin-zinc alloy material used for the experiments was 
prepe.r,ed by the Ney Metals Company ·(Brooklyn, New York). The material • 
was made from 99+ percent pure tin and zinc and cast into 2-5/8 inch 
diameter cylindrical billets. These billets were then cold forged 
to approximately 2-1/4 inch diameter cylinders at Lehigh Uni ve~sity. 
A subsequent grinding operation reduced the billets to·a two inch 
diameter capable of fitting into an extrusion press. The cylindrical 
billets were extruded into 3/8 inch rod by the Minalex Company 
(Whitehouse Station, New Je-rsey). '!he extrusion was performed at a 
temperature of approximately 200°F. The 3/8 inch rod was machined 
into tensile specimens as shown in Figure t. The material was 
anazyzed by Ledoux and Company (Teaneck, New Jersey). The analysis 
showed 9.80% zinc and 90.2% tin by weight. The literature value for 
the tin-zinc eutectic composition as given by Hansen32 is 9.0% zinc. 
·Photomicrographs of the material were taken after extrusion and after 
elongation; the results are shown in Figures 3 and 4. The average 
grain size was measured from these ~crographs using the method of 
Hilliard33 and was found to be 1 to 2 microns. · 
B. 
The testing apparatus consisted of an Instron Tensile Test 
machine model TT-C which was capable of crosshead speeds as low as 
2 x 10-5 inches/minute. An oil bath was used to ·provide elevated 
., temperatures during tensile testing. Houghton type 80 heat treating 
oil wa.s used and an exhaust hood was necessary to remove the odors 
11 
.,: 
;. 
.. 
~-:· 
I','. 
... -. 
-~·,.1.:.. 
\. 
•, ··.ii .. , 
from the he.~ted oil. Although the flash point of the oiJ.. was higher., · 
... 
above 4o0°F the oil b~gan to s:tr1oke. The oil was heated by an immersion 
· · heater and the temperature was controlled by an Athena thermostat . 
' 
model· 83-3. The 
I 
temperature was checked and monitored by a chrome-
.. alumel thermocouple connected to a Consolidated Controls digital 
temperature indicator model 500P38. The oil was contained in a dewar , 
. f\ for better stabilize.ti.on of temperature. 
A stainless steel-mec.hanical· device. used to put the specimen in 
:tension· below the surface of the oil is shown in Figures 5 and 6. A 
g.etachable straight bar connected to the stationary load cell was 
coupled to the tensile specimen so· that it could be replaced and sub-
• merged into the temperature bath without removing the oil. A hollow 
cylinder was attached to the tensile testing machine's crosshead, such 
that it came down around the specimen and loaded it in tension by 
applying force to a stop fitted to the end of the specimen. The 
resulting load was recorded on a chart recorder contained in the 
t:ens·ile test machine. 
-C. · Procedure 
;' l'o avoid' heating any portion of the oil bath above the flash 
point, the oil temperature was raised in a series of· steps until the 
entire bath was at the desired temperature. A:rter the desired 
temperature was reached, the enti.re bath was allowed to stabilize for 
one hour. Temperature measurements were taken throughout the oil 
bath to assure that the temperature was miiform and at the desired 
testing temperature. The tensile specimen was then inserted into 
the oil and the crosshead was lowered until contact was made with the 
12 , 
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bottom of the tensile specimen. The temperature was· allowed to 
stabilize for an additional 15 minutes. After the temperature was 
oa,ce again stable, the crosshead was lowered to load the specimen~ 
A plot of the load on the specimen. versus time was made on a chart 
. .'' 
recorder. By s~ddenly changing the crosshead speed, the equilibrium 
stress .required· for elongation changed. It was found that the most 
< reproducible values for this stress were obtained if the crosshead 
s.peed was monotonically decreased. 
, 
The data as recorded from the tensile test apparatus w.as in the 
form of crosshead speed, load, and time. The assumption was made that 
the specimen did not neck during the relatively small strain of the 
test. This consideration resulted in a uniform reduction of cross-
. 
. sectional area as the specimen elongated which was used to convert 
the load to true stress. From the crosshead speed and time, the 
strain of the specimen was calculated and used to convert the cross-
head speed to strain rate. The plot of the stress versus strain rate 
data points is shown in Figure 10 along with the Krausz equation used 
to represent the data as a whole for each temperature. 
" The strain rate sensitivity index was then found in two W8'3~. 
... 
First, the strain rate sensitivity index was calculated between 
individual, consecutive data points yielding discrete values for the 
index. Secondly, Krausz' s equation was used to arrive at an expression 
which· represented the strain rate sensitivity index as a continuous 
function of strain rate ( eq. 5). These val~es of strain rate 
sensitivity index are shown in Figures 16 through 21. Since strain 
rate sensitivity m~ vary as a function of strain, the elongat_ion of 
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the specimen d~inS testing w8\ kept as small as possihl.e. 'lb.e 
·, 
· specimen elongated less th.an 20. percent duri~g the test and· in this 
·range· of elongation the speci1ne~ did not shov. any neckiµg or any-
, 
-
noticeable ·change in the strain rate sensitivity behavior. 
Specimens were also tested to show maximum elongation by 
straining at a crosshead speed near the ·optimum strain rate determined 
from the previous test. -'lhese specimens, as shown in Figure 7, had 
extraordinary tens_ile elongations even without modifying the apparatus 
to produce a constant strain rate. 
'it 
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, f'II. DIS:CUSSION OF RESULTS. 
, 
Superplastic Elongation 
The tin-zinc eutectic alloy met the microstructural criteria 
for superplasticity, but literature supporti_ng superplastic behavior 
was unavailable. Moreover-, in this. i~vest_igation, specimens of the 
material- were el~J?.gated under tension to ove~ .500 percent. In fact:,. 
the specimen shown in Figure 7 has an ol:>s:e_rved elongation of 570 per-
cent. f:he.se tensile elongations a.lone a.r'e. sufficient to classify the 
m~t:erial :as superplastic. 
As noted 1lll.der the: P_rocedure. section, tl:te. material was elongated 
:in t~nsi:on: a,t_ -~- c.ons·t,·a.nt -c.rossh,ead speed, t·ha:t is , the strain rate 
.G.h~ged · as the specimen elongated. Since a.n optimum st~in rate exists 
'· 
for maximum strain rate sensitivity, larger percentage elongations for 
these specimens might hav~ been predicted if the opti~um strain rate 
h·ad be.en held during the entire elongation process • Of course, it is 
_po13sib:le that the optimum strain rate for· the material may change as 
the material strains and is elongated. ·Since the results were 
. . ' sufficiently conclusive to demonstrate superplasticity as tested, any 
modifications to prod-u.qe- a .... c.onstant strain rate test were considered 
unnecessary . 
.B. .Analytical Approach 
Krausz' s equation is a .re.lationship developed through theoretical 
considerations as opposed to many of the equations representing super-
plastic behavior which are empirical in nature. In its theoretical 
formKrausz's equation was given as equation 3. In a more practical 
.. 
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version, the equation IJJII3 be sin,lplitied to the equation. given pre-
, v:i.ously as equation 4 and repeated ·here tor convenience. 
• 
+nf t1/T 
E. = (4) 
To fit the strain ··rate versus stress data ( found in· Tal;>le 1.) to the 
s Krausz equation, the exponential terms were given individual con-
sideration. 
At high values of stress, the negative exponent (-~ t1 /T) goes to 
zero. Thus, two data points of high stress were fitted to the 
equation 
With two equations and two tmknowns ,. the values of Af and nf were 
solved. At low stress, the values of the positive exponential is 
approxi.mately equal to one. Thus , knowing the value for Af the 
equation 
e 
• 
E = 
-~ e ,: .f7) 
ma¥ be fitted through two data points of low stress. In this manner, 
values for ~ and nb calculated. However, • attempt to were in an 
reduce errors, the value of the positive exponent was computed at the 
., 
low stress values rather than automatically set equal to one. 'lllro:ugh 
I' this ana~sis, the four parameters Af, nf, -~ and ~ were evaluated 
and used to graph the Krausz equation. A plot of Krausz's equation 
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and the experimental data was made and ·is shown in Figure 10. 
It should be mentioned that one other boundary condition is 
necessary tor the determination ot the parameters in Krausz •·s equation. 
None of the four parameters can be negative. This stipulation is made 
to agree wi~h the hypothesis Krausz used in deriving the equation. 
The values subscripted f' and b refer to the ~riginal model for .strain 
processes by Krausz in which he cons·id~red the forward { f) and back~ 
· ward (b) motion of the dislocations during strain relaxation. In tp.is 
' 
analysis, the subscripts ref'er to the motion of the flow unit in the · 
~ 
direction of the stress and against it. 29 Therefore, to have a negative 
value in any of these parameters would refute the basic considerations 
of direction used to arrive at the equation. 
C. Activation Energy Determjnation 
A comparison of the activation energy,, for the deformation process 
and known activation energies for various diffusion processes was used 
to determine the rate controlling mechnism for superplastic deformation. ~ 
The activation energy approach is most applicable if only one mechanism 
is rate controlling. 22 As reported by Ashby and Verrall, a super-
plastic deformation mechanism may change from a diffusion controlled 
process to· one that is dislocation-creep controlled and as the 
mechanism changes there is a region where both mechanisms occur simul-
.. 
taneously. This change from one mechanism to another is located near 
the position where a log of stress versus log of stra.:in rat~ relation~ 
ship deviates fro111 a straight line (Figure 8). .As shown in Figure 9, 
' 
the three highest strain rate data ·points of the 250°F and 275°F 
,. 
temperatures appear to have two concurrent rate controlling mechanisms 
. -
17 \ 
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present according to the· Ashby and Verrall analysis • 
' . 
Since an activation energy was to be determined thro:ugh a.n 
analysis of the Krausz equation, data points which appeared to have 
1 , •• 
more tha.n one rate controlling mechanism were neglected in the first 
' 
. 
an~ys.is. ·The representation. of the remaining data ·by the Krausz 
equation is shown in Figure 10, and the para.meters used to specify 
the equation are given in Table 2. In order to show the versatility 
of the Krausz equation, para.meters were calculated. which represented 
the entire range of dat·a for th:e, ,~5Q9.F and 275°F temperatures as well • 
. 
Tb:ese parameters are listed in 'i'ab:le 3 and the graphi·ca1 representation 
iJ, shown in Figures 11 and 12. 
The complete analysis used to determine the activation energy 
from the Krausz equation is given in the Appendix. The basic con-
,. 
sideration is to relate the Krausz equation para.meters to the acti-
vation energy for the deformation process taking place. Upon equating 
the para.meters in the practical form of Krausz's ·equation to the 
theoretical· form of the equation, the following relationships were . 
found:· 
-E /T 
A = c1T a pme 
f 
f 
.. 
-\/T. 
~ - c2T a. Pme 
where: 
c1 and c2 are constants. 
T is Temperature. 
o. is Geometry factor. 
,, 
~ is Mobile dislocation density .. 
18 
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Ef is the activation energy tor the forward 
motion of the flow unit. 
is the activation energy for th.e backward · 
. 
motion of the :flow unit . 
Ass,:nning that the pre'-exponential expression ~ be approximated by a 
constant, the value o:f the activation energy ma.v be readily solved . 
. Approximating a.pm by a constant 1- ~he slope of the plot of log (Af/T) 
and log {~/T) versus inverse temperature would be related to the 
activation energies Ef and ~. Krausz' s equation is based on the for-
ward and reverse motion of the flow 1mit. 'lherefore, it is -possible 
that the forward motion of the flow unit ma¥ occur by one rate con-
, trolling mechanism represented by the activation energy Ef, and the 
reverse motion ma¥ occur by a different rate controlling mechanism 
represented ~Y the activation energy~-
; 
Acti vation energies were found using this analysis. The plot of 
log (Af/T) and log (~/T) versus 1/T is shown in Figure 13, and the 
necessary values are given in Table 4. The activation· energy for the 
deformation process was found to be 10. 7 kcal. /mole (Ef) and 11. 7 
kcal. /mole ( ~) ~ These values agree well with the activation energies 
for grain botmdary diffusion of zinc (14.o kcal./mole)34 and of tin 
(9.5 kcal./mole) 35 (Table 5). Thus, the activation energy yields 
evidence that the rate controlling mechanism is grain bomidary 
diffusion. However, as stated in the Introduction, previous investi-
gators have shown that ·a superplastic de:fo~tion mech~ism based 
entirely on diffusion is improbable, but a grain boundary sliding 
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detorm,ation mechanism with a. ;rate c~ontrolli~g. grain boundary di.ftusion 
accommodati.on mechanism. is very likely. Therefore, the· superplastic 
·· deformation of the tin-zinc eutectic would be due to a _grain boundar:, 
sliding mechanism ~ith grain bomidary diftusion as an acco:rmnodation 
"" I 
and rate controlling mechanism. 
In order to determine the ·effect of more than one rate control.ling 
mechanism, an analysis was performed using the parameters of the 
Krausz equation which represented the ent_ire range of data for the 
250°F and 275°F. temperatures~ .Ass11ming that the value of a. P is. the ~ m 
same constant for these conditions as it was for the previous discussion, 
the activation energies are found to be 5.4 kcal./mole for Ef and 
6.5 kcal./mole for~ (Table 6). These values represent the activation 
energy for a rate controlling mechanism consisting partially of grain 
boundary diffusion and partially of a dislocation~creep mechanism. In 
both of these analyses, the forward activation energy was less than the 
activation energy for reverse motion. This might imply that the 
diffusion was stress assisted. Thus , diffusion in the forward direction 
or direction of the applied stress would occur with less energy than 
the motion in the reverse direction. 
Another and more traditional approach to the determination: of the 
activation energy ·was made through an Arrhenius analysis. This method 
employs the following equations: 36 
· where: 
•··""":I, 
E = C exp(-H(u)/kt) 
H( u) = E + V 
,, 
.,' .• l ·, 
1 • 
,; 
(9a) 
(9b) 
.. · ', 
., 
. ~· .. : . ,.: 
• 
• 
• Q 
C· is· a constant. 
E is ·the activation energy. 
V is the activation volume. 
u is the stress. 
• 
H (a) is referred to as the ·S·tr~ss dependent 
activation energy; 
'!he temperature and strain rate occurring at a constant stress was 
related in the form of a graph of inverse temperature versus the log 
. 9f the strain rate. The resulting slope of the line was used to 
calculate the stress dependent activation energy, H(D'). Data was 
plotted for stress values between 300 and 1000 psi in five steps 
( Figure 14). With more than one value of the stress dependent 
activation energy, H(c,), available, equat~an 9b was used to arrive at 
a value for the activation energy E. The stress dependent activation 
energy, H(u) ranged from 11.3 to 13.6 kcal./mole which wasJ converted 
to a range of 10.3 to 10.6 kcal./mole for the activation energy E. 
These values agree well with the activation energy determined from 
the Krausz equation analysis. However, in comparing the form of the 
Krausz equation and the Arrhenius equation it was determined tbpt if 
the values of Ef and ~ and the values of V f. and Vb were approximately 
equal, the Krausz equation would assume a form similar to the 
Arrhenius equation. 
• 
~H(e1)/kT ,, .. 
E = DT e (10) 
.,.. 
where Dis a constant. 
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One difference i·s still UI1resolved since a factor ot ·temperature occurs 
\ 
- in the pre-exponential term of equation 10, but not in the .Arrhenius 
equation. 
This temperature modification to the Arrhen·ius equation was then 
used to determine a.n activation_ energy. A plot of the log of the strain 
rate divided by the temperature , log ( E /T) , versus inverse temperature, 
1/T, was analyzed using the same·method to arrive at a value f'or the 
activation ~nergy. The graph is shown in Figure 15, with t'he necessary 
data listed in Table 8~. The activation energy ranged from 9. 8 to 10. 5 
kcal./mole .. Overall,. the average value for the activation energy 
was 10. 3 kcal. /mole. Thus , the use of Krausz' s equation· to determine 
an activation energy was consistent with the more traditional Arrhenius 
equation approach. Using the work of previous investigators and the 
activation energy determined in these analyses, the superplastic 
mechanism for the tin-zinc eutectic. material. would most probably be a 
grain boundary sliding mechanism with a rate controlling grain boundary 
• diffusion accommodation mechanism. 
D. Strain Rate Sensitivity Ingex 
The strain rate sensitivity index has- been noted to be an indirect 
' 
. 
measure of the total percent elongation of a material. The in-dex has an 
optimum behavior as a f'lmction of strain rate. · However, in actuality, Q 
the strain rate sensitivity index mEcy" change as the .specimen is 
el0-11gated. During the course. of recording the stress necessary for 
plastic deformation at various strain ra;tes , the· tensile specimen 
elongated less than 20. percent. In this range, there was no noticeable 
' 
change in the behavior of the strain rate sensitivity index m. 'lhe 
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;strain rate sensitivity mq be determined by us~g the method- of. 
B~ckoten discussed in the Introduction. This. analysis yields discrete 
values for the strain rate s.ensi ti.vity i.nde.x. .Another approach would · 
be to use Krausz's equat~on to arrive at the strain· rate sensitivity . 
index, ( equation 5). A plot· of the results :ror each test temperature 
using both approaches is given in Figures 16 through 21. 'lbe discrete 
analysis resulted in a much more spurious relationship fo:r the strain 
rate sensitivity as a function of strain rate than the continuous 
analysis derived from Krausz'equatlon. This would be expected sµice 
the continuous Krausz equation would tend to smooth out any experiment-
al errors in the data. In general, the maximum· strain rate sensitivity 
index was found to be O. 5 and the optimum strain rate yielding the high 
.. 
value of sen.si ti vi ty was between 10-3 and·· 10-2 in/in/min. These values 
are in agreement with previ·ous work on superplastic alloys. Super-
plastic alloys have strain rate sensitivity indices larger than 0.3. 
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IV. CONCLUSIONS. 
1. ·The tin-zinc eutectic material exhibits superplastic behavior, 
I 
that is, the material is capab'le ot at least 570 percent 
elongation at 300°F. 
2. 'Ihe .optimum strain rate sensitivity index observed was between 
'3·. 
• • 
. ' 
0.4 to 0.5, consistent with the observation that superplastic 
materials exhibit strain rate sensitivity indices above 0.3. 
'Ihe equation developed by Krausz represents the superplastic 
behavior of the tin-zinc material and an analysis of this 
equation was used to determine an activation energy for the 
deformation process. The average activation energy determined 
by this method (11.2 kcal./mole) indicates that deformation 
occurs by a grain boundary sliding mechanism with a rate con-
trolling grain boundary diffusion accommodation mechanism. 
4. The activation energy was determined by the more commonly used 
Arrhenius·equation and the average activation energy. determined 
(10.3 kcal./mole) is found to agree, with the Krausz equation 
result . 
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TABLE 1: TENSILE DATA 
,' 
STRESS (psi) I f 
l C, Crosshead 250°F 275~F 300°F 325°F 350°F t 
'.i,, 
! 
. 
Speed l l 
1 (in/min.) i . ,. . 
i ; , 
.. 
/ ,. ; 0.2 2,801 2,778 2,734 1,972 . 1,569 I . ! ·~ I l l . 
I 
, 
. 
i ' 
~ . r 1 0.1 2,417 2,353 1,786 1,476 1,289 i , 
0.05 2,049 1,972 1,443 1,210 1,002 
.... 
I\) 0.02 1,540 1,376 1,030 871 666 \.11 
• 
0.01 1,221 1,082 791 680 497 i ··: I ,, 
i _. 
1 ·: 
} . 
0.005 938 813 622 525 373 ! ' t •' i i.; 
0.002 613 557 434 365 251 I: i i p 
304 226 I · 0.001 500 418 288 -' I 
L 
r 0.0005 342 290 203 172· 175 ' c -... I -.... ... ~.,. ' 
0.0002 229 175 110 96 100 ! I· j· 
. 
· 1, 
1: 
' 
't -: 
,,. -· :,,,· 
\ ' 
h 
'0 
' ; 
', TABLE 2: Parameters in Krausz 1 s Equation 
,,.·,- :1-,• . ' 
;, •· . ,,: ........ · 
A ( .. )-1 ·OK 
'\(min)-1 . C)I{ Temp. ( °F) f min . Nf p .. ~ Psi · S1 
350 
. 325 
300 
2.7·,5 
.. 
25:0. 
. 2.644x10-3 
· 1.237 4. 502x10-3 0.380 
1.678x10-3 1.188· 2.938x10-3 0.077 
l.152x10 -3 1.077 1. 703x10-3 0.277 
o.677x10-3 1.065x10-3 
' 
0,. 975 0.234 
0. 425x10-3 " o.621x10-3 0.991 0.129 
~· . 
TABLE 3: Parameters for Krausz' s Equation Fitting Entire 
Range of Data for 250°F and 275°F 
Af nf' ~ nb 
;, 
Temp. (°F) (min )-1 (°K/psi) (min)-l ( °K/psi) 
250 1.1708x10-2 0.76271 1.598ox10-2 1.5454 
275 1.053ox10-2 0.72951 1.6094x10-2 0.0525 
:-: ,. 
. ' 
(' 
..... 
· .. ·. 
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• 
·• 
\ 
TABLE 4: 
. . 
. 
Data· tor AnaJ.yais ot Activation Ene_rg 
0.002224· 
-12.04 -11.51 
0.002295 -12 .47 -11.91 
0.002370. 
-12. 81 -12.42 
0.002451 -13.30 -12.86 
•: 
• 
0.002537 -13.74 -13.36 
SLOPE E 10,700 11,800 
... 
TABLE 5 : Activation _Energies for Diffusion 
Processes in Tin and Zinc. Ref. 33, 34 
grain· boun~ary diffusion 
TIN 
9.5 kcal. 
mole 
ZINC 
14.o kcal. 
mole 
volume diffusion 25.0 kcal. 
mole 
21.8-25 kcal. 
mole 
. .. . ---
--
,; " 
, . 
., 
'_) 
o .. 
-;.: 
\.: 
· .... -·...., .. 
I• 
i. 
TABLE 6: Effecti.ve Activation Energy· tor 250°F 
and 275"F 
• .J'' 
Temperature E:f' ~ (OF) 
. ·( cal. /mole) (cal.Lmole) 
250 5,400 6,600 
275 5,400 6,350 
• 
.. .- .. 
~; .. 
~: 
:2a:, 
~·· ~ . 
;, ~ . 
l •· 
.J 
.• 
' 
,· 
~ I\) 
;.· \0 
' . 
' 
1/T (~l()-1 
2.224:x:10-3 
2.295x10-3 
2. 37ox10 '"'."' 3 
2.451x10-3 
2.537x10-3 
CALCULATED FROM SLOPE 
H{u) cal./mole 
E kcal. /mole 
TABLE 7: Data for Arrhenius .Analysis 
LOG ( E) 
e 
300 psi 475 psi 650 psi 825 psi 1000 psi 
·-5. 975 -4.998 -4. 327 
-3-758 -3.232 
-6.475 
-5.476 -4.802 
-4.235 
-3.713 
-6.743 
-5. 891 
-5.277 -4.750 -4.262 
-7.449 
-6.555 -5.945 
-5.433 -4.967 
-7. 730 -6.896 
-6.293 ~5.774 
-5.294 
11,362 12,351 12,849 13,244 13,608 
10.3 10.8 10.7 10.5 10.3 
} 
w o· •.· ·:· 
1/T (OK)-1 
2.224x10-3 
2.295x10-3 
2.370xl0 -3 
' 
2.451x10-3 
·-3 2.537xl0 
CALCULATED FROM SLOPE 
.H( a) cal. /mole 
E .kcal. /mole 
. .- ·, 
., .:::.. . 
;· .... 
TABLE 8: Data for :M:>di:fied Arrheni.us .Analysis 
LOG ( E /T) 
e 
. 
300 psi 475 psi 650 psi 825 . . 100·0 psi .PS1 
-12.083 -11.106 
-10.435 -9.866 -9.341 
-12.552 -11.553 -10.880 
-10.312 -9. 790· 
-12. 788' 
-11.936 -11.322 
-io.794 -10.306 
-13.460 -12.956 -11.44.5 -11.445 -10.978 
,. 
-13.707 -12.873 -12.:270 
-ll.751 -11.271 
'· 
10,526 11,515 .12 ,014 
. _12 :, 17 .. 3 
,·: -~· 
9.8· 10.3. ).:0.5 10. :,_ 
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APPENDIX 
The activation energy was determined through the Krausz equation 
by relating the parameters of the theoretical and practical form of 
the equation. The theoretical form of the equation is : 
where: 
• 
E 
J kT 
= a .P -
m h 
-
-
- 1\, '\, exp 
-(E - V t1) f f . 
kT 
a is a geometrical factor. 
• the mobile dislocation density. p lS m 
k • the Boltzmann constant. lS 
h • the Planck constant . lS 
-L • the contribution of each lS average 
to the plastic deformation. 
) 
dislocation 
'f'~ 
Q is a partition function ratio defined by the 
crystal structure and by the conditions of the 
particular deformation process. 
E is the activation energy. 
V ·, is the activation vol11me. 
" is the shear stress. 
f is used as a subscript to denote that the quantity 
(1) 
is associated with the forward movement of dislocations • 
• 
55 
n 
b , i(s a subscript used to denote that the quantity is 
associated with .. the backward movement of dislocations. 
T is the temperature. 
The practical form of the equation • is: 
• 
E 
- \ exp (2) 
where: 
Af, \, nf-' and 1\ may be considered material parameters. 
Equating the para:me.ters of the two above equations yields the 
following relationships 
kT - -Er/kT Af = h Lf Qf CL pm e (3) 
(4) 
vf 
n = -f k (5) 
(6) 
Equations (3) and (4) are the only ones related to activation energy 
Ef and \ and thus will be t~e only equations considered further. 
·i 
__ /..- \f 
-· L and Q are constant for a particular set of testing conditions. 
Thus , the equations become : 
56 
l 
' , I 
- I 
whe.re: 
-
kLf Qf 
C =---1 h 
-
k\ "' C =---2 h 
(7) 
(8) 
, ,.- ._, 
Approximating a p by a constant and dividing by the temperature gives 
. m 
the following equations: 
(9) 
(10) 
0 
where:· 
( ' 
Taking the natural logarithm of both sides results in the following 
relationships : 
(11) 
(12) 
57 
[, 
l 
·--~· .. 
\::Ii ·• 
• 
. ·''"( ,., 
' 
. . 
\ 
~-
. ,!" 
:se~ting the ordinate axis equal to : 
·\at· .•.. 
y = ln(A /T) 1 f or · (13a) 
(13b) 
, 
• 
and the abscissa a.xis eq~al to: 
) ·. 
. 
• 
x = ,.1/T (14) 
.. 
results in the equation: 
y2 = -\/k X + b (15) 
where: 
bis they-intercept 
Therefore, the slope of .the resulting plot using the above values 
for the ordinate· and the abscissa is related to the activation energy. 
I 
• 
Using the yal.ue of y 1 and y 2 for the ordinate axis results in the 
following: 
Slope = Ef/k 
Slope= \/k 
. 
. 
(16) 
(17) 
This method was used to determine an activation energy for the 
forward motion of the flow unit , Er, ~d the backward ·motion of the 
flow unit, E\,, from the Krausz equat,ion. 
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